INTRODUCTION
Cellobiose oxidase (CBO) is one of a group of enzymes secreted by the white-rot fungus Phanerochaete chrysosporium. Although the specific role(s) of this enzyme is not well understood, it is widely considered to play a part in the lignocellulose-degradation system of this micro-organism (Ayers et al., 1978; Morpeth, 1985; Kremer and Wood, 1992a,b; . The reaction catalysed by the enzyme is one in which cellobiose is oxidized to cellobionolactone. Although the electron acceptor required for this reaction in vivo is not known with certainty, it is known that, in vitro, CBO is able to donate electrons to several types of oxidant, for example, molecular oxygen (02) and guinones (2,6-dichlorophenol-indophenol; DCIP) (Jones and Wilson, 1988) . The rate of reaction with 02' however, makes it unlikely that this enzyme functions as an oxidase in vivo.
We have previously shown that the cytochrome b moiety of cellobiose oxidase is low spin in both redox states and has the unusual His/Met ligand set (Cox et al., 1992) . This iron coordination is the same as that in the c-type cytochromes, and strongly argues for an electron-transfer rather than a ligandbinding function for this component of the enzyme. To provide greater insight into the electron-transfer properties of the cytochrome b moiety and hence throw light on the problem of its role in vivo, we have studied its reactions with well-characterized electron acceptors. Here we report the reactions between CBO and either equine cytochrome c or Pseudomonas aeruginosa cytochrome c-55 1. Although these cytochromes are nonphysiological partners of CBO, much information may be gained by understanding the reaction between these two electrontransfer proteins and CBO. For example, these proteins are single-electron acceptors, as opposed to the multi-electron acceptors 02 and DCIP. In addition, whilst possessing similar redox potentials, the two cytochromes bear opposite net charges at rapidly to either mammalian cytochrome c or bacterial cytochrome c-55 1. The reactions were second-order (kC = 1.75 x 107 M-1*s-1; k, 551 = 4.3 x 106 M-1.s-1; pH 6.0, 21°C and I0.064) and strongly ionic-strength (I)-dependent: kC de- creasing with I and k, 55l increasing with L These results suggest the electron-transfer site near cytochrome b bears a significant negative charge. Equilibrium gel chromatography confirms that CBO oxidase and positively charged mammalian cytochrome c make stable complexes. These results are discussed in terms of a model suggesting an electron-transfer role for cytochrome b in vivo, possibly connected with radical-mediated cellulose breakdown.
pH 6.0 (equine cytochrome c, pl 10; P. aeruginosa cytochrome c-551, pl 4.7; thus a net positive and net negative charge is carried with respect to each protein) and can be used to probe the charges at or near the single-electron transfer site of CBO.
MATERIALS AND METHODS Materials CBO was prepared as described by Jones and Wilson (1988) , and concentrations were measured using the absorption coefficients reported by these authors (6421 65 200 M-1 * cm-' for the oxidized enzyme) Pseudomonas aeruginosa cytochrome c-551 was prepared by the method of Parr et al. (1976) . Horse heart cytochrome c (type VI) and bovine erythrocyte superoxide dismutase (SOD) were obtained from Sigma Chemical Co. All other chemicals (analytical grade) were also obtained from Sigma. Bio-Gel P-60 was obtained from Bio-Rad.
Rapid kinetic studies
Rapid kinetic experiments were performed using either a Durrum-Gibson apparatus (dead time 3.3 ms) or an Applied Photophysics Kinetic Spectrometer (dead time 1 ms).
The apparatus for transient spectroscopy is a photodiode array spectrometer (TRACOR TN6500; Tracor Northern, Madison, WI, U.S.A.) adapted to a thermostatically controlled Durrum-Gibson stopped-flow apparatus, as described elsewhere (Bellelli et al., 1990 
RESULTS AND DISCUSSION Equilibrium gel filtration
We have used the Hummel and Dreyer (1962) procedure to examine the interactions between equine cytochrome c and CBO. Figure 1 shows an elution profile exhibiting peak, plateau and trough regions indicative of complex formation between CBO and cytochrome c. Analysis of this profile (see the Materials and methods section) indicates a 2:1 cytochrome c-CBO complex formed in 16 mM potassium phosphate buffer, pH 6.0 (I0.0204).
The effects of ionic strength on the stoichiometry of complexes is presented on Figure l (b), which shows that the ratio of cytochrome c to CBO in the complex varies inversely with ionic strength. This suggests that electrostatic interactions between complimentary charges on the proteins are involved in complex formation and stabilization (Moore and Pettigrew, 1990) . Cytochrome c is positively charged at this pH, thus the site of interaction of CBO is likely to be negatively charged. Interpolation on this Figure indicates (36 ,uM) in these experiments was, however, sufficient for it to act as an electron acceptor. Thus, instead of electron transfer to cytochrome c, electrons could preferentially reduce SOD (Kremer and Wood, 1992a) , seemingly inhibiting cytochrome c reduction. In order to investigate further electron transfer to cytochrome c, we have studied the reaction of cytochromes c with cellobiose in the absence and presence of CBO. Incubation of ferricytochromes c or c-551 (10 ,M) with cellobiose (100,M) in 50 mM potassium phosphate, pH 6.0 (I0.06368) at 20°C led to no reduction of the c-type cytochromes, i.e. no electron transfer from cellobiose to either of the cytochromes c. The addition of CBO (1 , uM) resulted in the reduction of both c-type cytochromes (results not shown). The rate of reduction was independent of the nature of Spectra (60 in total) were acquired over the time range 5 ms to 60 s (logarithmic scale) in the wavelength region 400-700 nm and are plotted in a three-dimensional frame taking as reference the spectrum of the fully reduced enzyme. An anaerobic solution of CBO (7 ,M) in potassium phosphate buffer, 50 mM, pH 6.0 was mixed with a solution of cellobiose (100 ,M) in the same anaerobic buffer. The temperature was 20°C.
the cytochrome c and consistent with the relatively slow reduction of the b-type haem (via flavin) in CBO by cellobiose at this pH (Jones and Wilson, 1988 Figure 2 shows the 60 spectra of 1024 wavelength readings (acquired on a logarithmic timescale from 5 ms to 1 min) plotted in a threedimensional frame. The spectra are plotted as differential spectra, taking as reference the spectrum of the fully reduced enzyme (at infinite time). Figure 3 shows the SVD analysis of the same experiment and indicates that, to a good approximation, only the first two U and V columns are required to describe the full data not elaborated further here. The amplitudes obtained from the fit were used to construct the absolute spectra of the three species depicted in the scheme and which are shown in Figure 4 . The spectra at t = 0 and t = oo correspond to those of the fully oxidized and fully reduced enzyme respectively, as expected from the scheme. The spectrum of the intermediate shows it to be that of an enzyme species in which the flavin is fully reduced while the cytochrome b remains fully oxidized. Analysis of the difference between the spectra ( Figure 5 ) supports this conclusion, the spectrum in Figure 5 (a) is identical, over the wavelength range explored, with that of the flavin domain prepared from cellobiose oxidase by proteolytic cleavage by Henriksson et al. (1991) , while the spectrum in Figure 5 (b) is typical of that of ferri-minus ferrocytochrome b. The first step in reduction of the enzyme, which has a fitted rate constant of 7.7 s-1 under these conditions, may thus be attributed to the reduction of the flavin, while the second slower step, having a fitted rate constant of 0.2 s-1, represents electron transfer from reduced flavin to oxidized cytochrome b. This low rate constant for cytochrome b reduction is very close to that reported previously by Jones and Wilson (1988) and close to the value given above for the kcat for cytochrome c reduction. This similarity shows that it is the reduction of cytochrome b that is limiting the rate of cytochrome c reduction by cellobiose, and hence direct electron transfer from flavin to cytochrome c may be discounted. In the kinetic studies reported below we can therefore be sure that we are monitoring direct electron transfer from cytochrome b to cytochrome c.
(ii) Reduction of ferricytochromes c by CBO
The redox potential of horse cytochrome c is 260 mV at pH 6.0 and that of cytochrome c-551 is similar (265 mV), while that of the cytochrome b moiety of CBO is reported to be 165 mV at pH 4.0 and 153 mV at pH 5.0 (Kremer and Wood, 1992a) . Kinetic experiments were therefore carried out by mixing cellobiose-reduced CBO with ferricytochrome c. The electrontransfer reaction may be written as follows: On mixing the reduced enzyme with either of the cytochromes c, rapid transients were observed in the millisecond time range which, in the presence of excess cytochrome c and cellobiose were followed by slower processes (Figure 6 ). The initial phase (1) corresponded to oxidation of cytochrome b, monitored at 562 nm, and a synchronous reduction ofcytochrome c, monitored at 550 nm. This phase occurs in the first 50 ms following mixing with cytochrome c and within 200 ms with cytochrome c-551. Phase (2) reflects the complete reduction of excess cytochrome c, The pseudo-first-order rate constants of electron transfer from fully reduced CBO (1.5 JuM) to cytochromes c or c-551 (both 5 ,uM), shown in (a) and (b) respectively, were measured over a range of / values (0.00558-0.558). The reaction took place in potassium phosphate buffer, pH 6.0, at 21°C and was monitored at 550 nm.
for the reduction of cytochrome c is insensitive to 02' thereby eliminating partially reduced oxygen species (e.g. superoxide anion) as intermediates in the reduction pathway. The second-order nature of the rapid phase (1) was confirmed by determining the pseudo-first-order rate constants for the reaction between CBO and either cytochromes c or c-551 over a range of cytochrome concentrations. Plots of the pseudo-firstorder rate constants versus either cytochrome c or cytochrome c-551 concentrations are shown in Figures 8(a) and 8(b) . Both rates increase with concentration, and no evidence for approach to a rate limit was observed with either protein over the protein concentration range available. The slopes of these plots yielded second-order rate constants of 1.75 x 10 M-1 s-1 for cytochrome c and 4.3 x 106 M-1. S-for cytochrome c-551 under these conditions. Only the higher concentration ranges for which pseudofirst-order conditions strictly apply were used to calculate these constants.
The electrostatic interactions between CBO and each of the cytochromes was investigated by measuring the I-dependence of the electron-transfer rate constants determined at constant protein concentration. These results are given in Figure 9 . The electron-transfer rates to both cytochromes are seen to be strongly I-dependent, that of cytochrome c increasing (Figure 9a ), and that of cytochrome c-55 1 decreasing (Figure 9b) , with increasing salt concentration. At the highest salt concentrations studied the rate constant for cytochrome c-551 reduction begins to exceed that for cytochrome c reduction. At very low I the electrontransfer kinetic behaviour became complex (results not shown), the electron-transfer rate apparently falling. This complexity we 
Conclusions
The results presented above clearly show that the cytochrome b moiety of CBO may act as a facile electron-transfer agent, passing electrons rapidly to other haem proteins. The second-order rate constants, particularly for cytochrome c at low I, where k significantly exceeds 107 M-l s-1, are similar to the constants observed for true in vivo partners [e.g. cytochrome c/cytochrome oxidase; k = 107 M-l s-1 at similar values of pH and I (Brunori et al., 1988) ]. The value of this rate constant is within an order of magnitude of that reported by Northrup et al. (1993) for electron transfer from bovine ferrocytochrome b5 to yeast isol ferricytochrome c (13.6 x 107 M-l s-1, I= 0.19; T= 25°C). For this protein pair, structural information is available which, together with analysis of the kinetics, indicate that the proteins dock haem crevice to haem crevice, the haem groups being some 1.2 nm (12 A) apart. A similar structural motif may underlie the rapid ferrocytochrome b to ferricytochrome c electron-transfer reaction we observe and indicate that the haem edge of the cytochrome b moiety of CBO approaches the surface of the protein (cf. cytochrome b5) and is accessible to the bulk solution.
Electrostatic interactions between CBO and cytochrome c are important in bringing these components together and enhancing the rate constant in a similar manner to that reported by Northrup et al. (1993) for the ferrocyt b5/isol ferricytochrome c system. The I-dependence of the reaction with cytochrome c is in keeping with this view, as is the lower value of k and the opposite I-dependence of the reaction with cytochrome c-551, which, although also bearing specific positive charges in the vicinity of the haem c edge, nevertheless carries a net negative charge. At high I, where electrostatic interactions are largely quenched, cytochrome c-551 exhibits the more rapid electron transfer with CBO consistent with its higher self-exchange rate for outersphere electron transfer (Keller et al., 1976) , as the electrontransfer rate constant increases according to the square root of the self-exchange rate constant [see Marcus and Sutin (1985) for a review]. Both the steady-state and transient kinetic data are consistent with the following simple formulation of the flux of electrons through the enzyme from cellobiose to cytochromes (cyt.) c. The bold line depicts the enzyme which comprises a flavin-and a haem-bearing domain. The flavin -. cytochrome b electrontransfer reaction is shown here for simplicity as an intramolecular step; however, intermolecular transfer is also known to occur (Jones and Wilson, 1988) . Thus cytochrome c is reduced in turnover at the rate at which cytochrome b is reduced by the Received 8 July 1993/27 September 1993; accepted 30 September 1993 flavin, which at pH 6.0 is approx. 0.5 s-1, explaining the catalyticcentre activity ('turnover number') for cytochrome c exhibited by the enzyme (see above). This slow reduction of cytochrome c is, however, not the intrinsic rate at which electrons may pass from cytochrome b to cytochrome c, as shown above. Our conclusion that the cytochrome b-to-cytochrome c transfer is very rapid at pH 6.0 is in contradiction to earlier reports by . Those authors have shown that, while cytochrome c is reduced by CBO, it is a rather slow process, and we conclude that it was the lower rate, limited by cytochrome b reduction (0.3 s-'), which was observed by these authors rather than the second-order process we now report.
The facility with which cytochrome b enters into electrontransfer reactions is consistent with its unusual ligand set and suggests an in vivo redox function for this component of the enzyme. Several authors have now questioned the role of CBO as a true oxidase (Wilson et al., 1990; Kremer and Wood, 1992a; , and Kremer and Wood (1992b) have suggested a redox role in which the cytochrome b moiety acts to reduce iron complexes within the local environment of the micro-organism. These ferrous complexes are in turn oxidized by H202, initiating Fenton chemistry and thus hydroxyl-radical production. It is these radicals which may chemically attack cellulose in the first steps of a mechanism leading to lignocellulose degradation.
